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(Received 10 June 2002; published 27 December 2002)286601-1Electron transport in tris(8-hydroxyquinoline) aluminum (Alq3) is investigated by impedance
spectroscopy under conditions of space-charge limited conduction (SCLC). Existing SCLC models
are extended to include the field dependence of the charge carrier mobility and energetically distributed
trap states. The dipersive nature of electron transport is revealed by a frequency-dependent mobility
with a dispersion parameter  in the range 0.4–0.5, independent of temperature. This indicates that
positional rather than energetic disorder is the dominant mechanism for the dispersive transport of
electrons in Alq3.
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polymer poly(phenylenevinylene) (PPV) [14]. However, (3)The rapid progress in performance and lifetime make
organic light-emitting diodes (OLEDs) suitable candi-
dates for flat panel display applications. Since the
first report of efficient and stable OLEDs [1] tris(8-
hydroxyquinoline) aluminum (Alq3) continues to be one
of the most-widely used materials for OLEDs based on
small molecules. Nevertheless, there is still a lack of un-
derstanding concerning the nature of electron transport in
this material. On the one hand it was established from a
variety of experiments that the electron mobility in Alq3
shows a Poole-Frenkel–like dependence on the electric
field typical for disordered organic semiconductors [2,3].
Additionally, time-of-flight (TOF) measurements gave
clear evidence for dispersive hopping transport [4–6]
(though recently nondispersive behavior under certain
preparation conditions has been reported [7]). On the
other hand, in a number of publications this field-
dependent mobility was neglected and the dc transport
was analyzed exclusively in terms of charge carrier trap-
ping. Distributed trap states with energies ranging from
the conduction level deep into the energy gap were iden-
tified as the current limiting factor in Alq3 [8–10].
In principle, transient experiments like TOF can pro-
vide detailed information on the microscopic origin of
charge transport in disordered materials. However, so far
TOF studies have not been performed at different tem-
peratures which is indispensable in order to clearly iden-
tify the underlying mechanism. An alternative approach
to obtain such information in organic semiconductors is
space-charge limited currents (SCLC) which can be ob-
served when one contact is able to inject more carriers
than the material has in thermal equilibrium [11,12].
These space charges not only determine the dc current-
voltage (I-V) characteristics but also lead to a character-
istic frequency-dependent electrical response [13], which
can be used to get direct information on the dynamics of
charge carriers. This method was successfully applied by0031-9007=02=89(28)=286601(4)$20.00 their approach was based on the assumption of a mobility
independent of the electric field and the absence of trap
states, both of which are known to significantly influence
the electrical characteristics of Alq3-based devices. In this
Letter we therefore present a generalization of the model
including a field-dependent mobility and the dynamics of
trap states. We demonstrate that it allows one to distin-
guish between hopping transport and trapping of charge
carriers.
The description of SCLC is based on the drift current
equation and the Poisson equation (see, e.g., [15]). In the
case of unipolar injection of electrons and band transport
(ignoring diffusion) they read as
jt  qnx; t







 nx; t  ntx; t; (2)
where F denotes the electric field, n and nt are the charge
densities for free and trapped charges, respectively, q is
the elementary charge, "  "r"0 with the dielectric con-
stant "r and the vacuum permittivity "0, and 
 is the
mobility of the charge carriers. The second term in the
transport equation is the additional displacement current
for the nonstationary situation.
In the case of dispersive hopping transport the diffu-
sion equation has a non-Markovian form due to the time
(respectively, frequency) dependence of the diffusion co-
efficient [16]. The same applies to the above given drift
equation for the mobility. To circumvent the problem of
an integro-differential equation in the time domain we
directly formulate an expression for the frequency-
dependent current j!. If we separate the stationary dc
components from the frequency-dependent ac parts we
obtain for the drift equation
ĵac!  jdc  qndcx  n̂acx;!
dcFdcx ~
!
 Fdcx  F̂acx;!  i!F̂acx; !;2002 The American Physical Society 286601-1
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!  1 Mi!tr1 contains the explicit
frequency dependence of the hopping mobility [14] (tr
is the steady-state transit time of carriers). This kind of
dependence is connected to the disordered nature of the
materials reflecting the large spread of waiting times or
hopping rates where  is a measure for the dispersivity
(  1 for nondispersive transport). Now the ac compo-
nents are separated into amplitudes and phase factors
(ei!t) and Eq. (3) is developed to first order in the ac
amplitudes (small signal analysis). From the dc compo-
nents one obtains Fdc and thus the steady-state I-V char-




0 Facxdx and from that one gets the
complex admittance Ŷ  A @V̂ ac=@ĵac1, where d and
A are device thickness and area, respectively. Ŷ is related
to the experimentally observable quantities conductance
G and capacitance C via Ŷ  G  i!C.
The densities are eliminated from Eq. (3) by means of
the Poisson equation. If trap states are present, it is,
however, necessary to establish a relationship between
the free (n) and trapped (nt) charge carrier densities. We
therefore use the following equation considering the dy-
namics of trap states [18]:
dnt=dt  cnNt  nt  ennt; (4)
where en and cn are escape and capture rates, respectively,
and Nt is the overall number of trap states (which may be
distributed in energy). The ratio en=cn is obtained from an
examination of detailed balance in the steady state
(dnt=dt  0). For an exponential energetic distribution
of trap states [hE  Nt=Et 	 expE=Et] and assuming
cn  hvthin, with  being the trap capture cross section
and hvthi the average thermal velocity of carriers, one can
define the typical trapping time trap  hvthiNt1 and






Therein x  ndcx=nt;dcx is the position-dependent
ratio of the free and trapped steady-state charge carrier
densities and l  Et=kBT, where Et characterizes the
depth of the exponential trap distribution as given above.
Now one can eliminate the charge carrier densities in
Eq. (3) and thus obtain an inhomogeneous first-order
linear differential equation in Fac which can directly be
integrated numerically to obtain the complex admittance
which is the experimental observable.
Finally, in order to account for the disordered nature
of transport, a broad distribution of transit times
Plogtrd logtr has to be taken into account additionally
[14]. However, as the set of equations cannot be solved
analytically with trap states and a field-dependent mobi-
lity, we have chosen a different but equivalent approach
by considering a distribution of zero-field mobilities
Plog
0d log
0 being proportional to Plogtr 286601-2d logtr. The calculation then has to be carried out for
different values of 
0 and the admittance has to be
averaged according to Plog
0. This results in smearing
the signal over a larger range of frequencies as it would be
for one single value of 
0. In contrast to Martens et al. we
have chosen a Gaussian distribution for Plog
0 (with a
width 
 on a decimal log scale) as this seems to be more
realistic than the rectangular one used in [14].
The devices under investigation consisted of a vacuum-
deposited Alq3 film sandwiched between aluminum and
calcium electrodes as anode and cathode, respectively.
For further details of the device preparation we refer to
[17]. The measurements of the complex impedance were
carried out in a cryostat under nitrogen atmosphere. The
measurement system consisted of a frequency response
analyzer (Solartron SI 1260) and a broadband dielectric
converter (Novocontrol BDC).
Figure 1 shows data of the conductance G and the
capacitance C of a 215 nm thick Alq3 film for different
values of the applied dc bias. At zero bias the low-
frequency conductance is very low (close to the limits
of the instrument) and the capacitance is frequency inde-
pendent and equal to the geometrical value C  "r"0A=d
(with "r  4), as expected for an insulating dielectric.
However, as the bias is increased well above the built-in
voltage (Vbi  1 V) the behavior changes drastically due
to carrier injection. The capacitance now shows a mini-
mum at a distinct frequency, which is shifted to higher
values as the bias increases, and additionally C strongly
increases towards lower frequency. While the latter is an
indication of dispersive transport and determines the
dispersion parameter , the position of the inflection
point [ftr as indicated by arrows in Fig. 1 (bottom)] is
determined by the average carrier transit time. The shape
of G! and C! is qualitatively similar to the ones
reported on PPV in Ref. [14]; however, in the case of
Alq3 one has to consider the strong field dependence of
the dc mobility and trapping in distributed trap states. The
former leads to the observed strong shift of ftr by almost
2 orders of magnitude between 5 and 10 V, while the latter
is responsible for the rapid increase of the conductance
with applied bias.
The data in Fig. 1 have been analyzed with the numeri-
cal procedure presented above to determine the disper-
sion parameters (M, , 
). The parameters describing
the dc behavior (trap energy Et and density Nt, zero-field
mobility 
0 and field enhancement factor ') were ex-
tracted from independently measured steady-state I-V
characteristics as described elsewhere [17]. The results
of the simulation for different dc bias values are included
as solid lines in Fig. 1. For bias values between 4 and 10 V
the dispersion parameter  varied between 0.40 and 0.46,
M between 0.28 and 0.17, and 
 between 1.02 and 0.98.
The latter indicates a broad distribution of transit
times spread over more than two decades. The used
value of hvthi describing the trap dynamics was
1013 cm3=s. However, it turned out that this parameter286601-2
FIG. 2. Normalized representation of C and Gac=! from
Fig. 1 showing the time scale invariance of the curves for
different bias values.
FIG. 1. Frequency-dependent conductance G (top) and ca-
pacitance C (bottom) for different bias of an Alq3=Ca device
with a 215 nm thick Alq3 layer measured at 218 K. The arrows
indicate the transit frequency for each bias. Lines are simula-
tions according to our SCLC model.
FIG. 3. Frequency-dependent capacitance C for different
temperatures measured at a bias voltage of 6 V (inset) and
normalized representation of C showing the temperature in-
variance of the curves.
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simulated curves since the trap dynamics is much faster
than the time scale investigated here. The comparison of
the simulated curves with the experimental data in Fig. 1
shows that the presented model accurately describes the
ac behavior of injected electrons in Alq3. We have also
performed this analysis for different temperatures (see
the inset in Fig. 3) and on a 350 nm thick sample (not
shown). Values of the dispersion parameter  were found
in the range between 0.4 and 0.5 comparable to the ones
obtained on PPV [14]. However, the distribution of transit
times is much broader in Alq3, which might be related to
the stronger field dependence of the mobility as compared
to PPV [19].
A characteristic feature of dispersive transport is the
so-called universality of the photocurrent transients: if
plotted in a normalized way as It=Itr vs t=tr experi-
mentally observed transients have the same shape for
different electric fields (see, e.g., [20]). In our case we
can make a similar representation by normalizing C and
the ac part of the conductance Gac=!  G!  G! !
0=! with respect to the transit frequency ftr. As shown
in Fig. 2 the curves for different bias values all have the
same shape which again reflects the dispersive nature of
electron transport in Alq3.
There remains an important parameter to be investi-
gated, namely, the temperature dependence. It has been286601-3demonstrated already in an earlier paper that the dc
mobility shows a pronounced temperature dependence
following an empirical Poole-Frenkel law [17]. Thus it
is not unexpected that for a given bias value the minimum
in the capacitance shifts to lower frequency with decreas-
ing temperature (see the inset of Fig. 3). However, it is
astonishing that the shape of the curves in the normalized
representation of Fig. 3 and consequently the values of the
dispersion parameter  almost do not change with tem-
perature. This can be seen as a strong indication for
charge carrier transport in Alq3 being dominated by
positional (off-diagonal) disorder.
There have been several models proposed to describe
dispersive transport in disordered organic solids (for re-
views, see, e.g., [16,20]). Of these, the formalism by Scher
and Montroll [21], multiple trapping arguments [22], and
disorder models [23,24] have been the most-widely used.
We will not discuss the properties of these models in
detail here; however, from the observed independence
of the dispersivity on temperature we can clearly rule
out multiple trapping models as they rely on energetic286601-3
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tribution of trap states being characterized by a trap
energy Et  kBTt one would expect a temperature-
dependent dispersion parameter  / T=Tt, which is
clearly not observed here. On the other hand, investiga-
tions of steady-state I-V characteristics of Alq3 electron-
only devices have revealed that traps distributed in energy
(with Et in the range 0.11–0.15 eV) play an important role
in the behavior of these devices [8,10,17]. Thus we have to
conclude that trapping of charge carriers and hopping due
to disorder act independently in this material. This is
understandable, since typical trap densities of about
1017 cm3 as obtained by our work [17] and others [8,9]
imply that there is a trap at roughly every twentieth
molecule, whereas hopping usually occurs between next-
neighbor molecules having a density of approximately
1021 cm3.
Our analysis also gives detailed information about the
temperature and field dependence of charge carrier dy-
namics in Alq3. As already mentioned, neither the dis-
persion parameter  nor the parameter 
 characterizing
the distribution of transit times shows a significant de-
pendence on temperature or electric field; however, a
strong T and F dependence is observed for the mean value
of the distribution function which corresponds to the dc







 with parameters 
0
and ' depending on the temperature (see also [17]). The
widely accepted description of such a behavior is by
disorder models [23,24]. However, without going into
details we can say that these models cannot describe
our experimental findings, as, for example, the tempera-
ture dependence of the zero-field mobility 
0 follows an
Arrhenius law, whereas disorder models predict a much
stronger temperature dependence [ log
0 / T2 [23],
respectively, / T3=2 [24] ]. The reason for this discrep-
ancy might be found in the used Miller-Abrahams–type
hopping transfer rates which are based on hydrogenlike
wave functions with spherical symmetry. Given the ge-
ometry of the Alq3 molecule with the three quinoline
ligands pointing into different directions one can easily
imagine that the hopping rates of charge carriers between
neighboring molecules depend critically on the mutual
orientation of these molecules. Thus in a more sophisti-
cated treatment one should include also rotational degrees
of freedom for the Alq3 molecule which we assume to be
the source of the off-diagonal disorder.
In conclusion we have shown that impedance spectros-
copy under SCLC conditions is a powerful tool to study
the dynamics of charge carriers in disordered organic
semiconductors even in the very general case of a field-
dependent mobility and the presence of trap states. The
application of this approach to Alq3 has revealed disper-
sive electron transport with a broad distribution of transit
times. The identification of off-diagonal disorder as the
dominant mechanism shows that charge carrier trapping
and hopping are independent features in this material.286601-4We thank M. Schwoerer and A. G. Mückl for helpful
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